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Memories are thought to be formed in response to
transient experiences, in part through changes in
local protein synthesis at synapses. In Drosophila,
the amyloidogenic (prion-like) state of the RNA bind-
ing protein Orb2 has been implicated in long-term
memory, but how conformational conversion of
Orb2 promotes memory formation is unclear.
Combining in vitro and in vivo studies, we find that
the monomeric form of Orb2 represses translation
and removes mRNA poly(A) tails, while the oligo-
meric form enhances translation and elongates the
poly(A) tails and imparts its translational state to
the monomer. The CG13928 protein, which binds
only to monomeric Orb2, promotes deadenylation,
whereas the putative poly(A) binding protein
CG4612 promotes oligomeric Orb2-dependent
translation. Our data support amodel in whichmono-
meric Orb2 keeps target mRNA in a translationally
dormant state and experience-dependent conver-
sion to the amyloidogenic state activates translation,
resulting in persistent alteration of synaptic activity
and stabilization of memory.
INTRODUCTION
Synthesis of new proteins at the synapse has emerged as one of
the potential biochemical mechanisms for producing experi-
ence-dependent persistent change in synaptic physiology and
animal behavior (Richter and Klann, 2009). The cytoplasmic pol-
yadenylation element binding protein (CPEB), a family of
sequence-specific RNA binding proteins, is one of the regulators
of synaptic protein synthesis (Richter, 2007). Unexpectedly, one
form of neuronal CPEB carries amino acid sequences character-
istic of self-sustaining amyloid or prion-like proteins (Fiumara
et al., 2010; Heinrich and Lindquist, 2011; Majumdar et al.,
2012; Raveendra et al., 2013; Si et al., 2003b, 2010, ; Stephan
et al., 2015). The CPEB homologs in Aplysia (ApCPEB), in
Drosophila (Orb2), and in mouse (CPEB3) form amyloidogenic
oligomers, which are critical for the persistence of long-term syn-1468 Cell 163, 1468–1483, December 3, 2015 ª2015 Elsevier Inc.aptic facilitation and behavioral memory (Fioriti et al., 2015; Kac-
soh et al., 2015; Keleman et al., 2007; Kru¨ttner et al., 2012, 2015;
Majumdar et al., 2012; Si et al., 2010). These observations led to
a model for long-term memory in which external stimuli recruit a
self-sustaining amyloidogenic form of neuronal CPEB in the acti-
vated synapse, where CPEB thenmaintainsmemory through the
sustained and regulated synthesis of a specific set of synaptic
proteins. However, the prevailing view is that amyloid formation
in general leads to inactivation of proteins. Therefore, a central
tenet of the hypothesis remains untested: how does neuronal
CPEB regulate synaptic protein synthesis, and what is the
consequence of conversion to the self-sustaining amyloidogenic
state?
The Drosophila CPEB family is comprised of two genes, Orb1
and Orb2. All family members share an RNA binding domain
(RRM) and a zinc-finger domain in the C-terminal end but
differ significantly in the N-terminal end, suggesting functional
differences among family members. Orb2 has two protein iso-
forms, Orb2A and Orb2B (Majumdar et al., 2012; Mastushita-
Sakai et al., 2010). Both isoforms contain an N-terminal prion-
like domain, but the short Orb2A isoform has 8 amino acids
ahead of the prion-like domain, and the longer isoform,
Orb2B, has 162 amino acids ahead of the prion-like domain.
The two isoforms also differ in their biophysical properties:
Orb2A forms amyloids more efficiently than Orb2B, both
in vitro and in vivo (Kru¨ttner et al., 2012; Majumdar et al.,
2012). Although present in very low levels, deletion of Orb2A
or a point mutation in Orb2A (Orb2AF5 > Y5) reduces the oligo-
merization of the abundant Orb2B and impairs persistence of
memory (Kru¨ttner et al., 2012, 2015; Majumdar et al., 2012). Pre-
vious studies indicated that Orb2 has translation repressive
functions (Mastushita-Sakai et al., 2010; Xu et al., 2012, 2014)
and regulates translation of reporter mRNA in the mushroom
body (Kru¨ttner et al., 2015). However, the biochemical functions
of the two isoforms of Orb2 and, more importantly, the function
of amyloidogenic states in translation remain unknown. In this
study, using an in-vitro-reconstituted translational assay as
well as in vivo behavior-dependent translation of Orb2 target
genes, we set out to address the following questions. (1) Does
Orb2 act as a translation activator, repressor, or both?
(2) What is the role of monomeric and amyloidogenic-oligomeric
Orb2 in protein synthesis? (3) How does Orb2 regulate
translation?
RESULTS
Two Distinct Sequence Elements in the Tequila 30 UTR
Are Important for Orb2 Recruitment
To assess the biochemical consequence of Orb2 conformational
switch, we set out to design an Orb2-dependent translation
assay. To this end, we first sought to determine the sequences
that are important for the recruitment of Orb2 to one of its target
mRNA, Tequila, a human neurotrypsin homolog. We choose Te-
quila because: (1) it is required for long-term memory formation
(Didelot et al., 2006), (2) it has a very short 30 UTR of 113 nucle-
otides (Figures 1A), (3) both isoforms and both physical states of
Orb2 bind to the 30 UTR of Tequila (Figure S1A), and (4) Tequila
expression in the adult brain is regulated by Orb2 (Mastushita-
Sakai et al., 2010). Using an in vitro RNA pull-down assay and
a series of small deletions and nucleotide substitutions of the
30 UTR, we identified two sequence elements, UCCACCUU/G
(Mutation1 or M1) and UUUUGU (Mutation2 or M2), that are
involved in Orb2 recruitment to Tequila 30 UTR (Figures 1B and
S1B). TheM2 sequence is analogous to canonical CPEB binding
element UUUUAU (Richter, 2007), and mutation of UUUUGU to
GCUUGU (M2P) or deletion of four U residues (DM2) significantly
reduced both monomeric and oligomeric Orb2 recruitment (Fig-
ures 1B and S1B). A U/CUUU/GU sequence motif, similar to M2
sequence, is also detected in the 30 UTR of Tequila gene of other
Drosophila species (Figure S1C) as well as in other Orb2 targets
(Mastushita-Sakai et al., 2010). While mutation or deletion of the
M1 UCCAAXU sequence motif (Figure S1D) resulted in variable
effects, irrespective of the nature of mutation, M2 consistently
reduced Orb2 recruitment. Therefore, we concluded that the
M2 sequence encompasses the primary Orb2 recruitment site
and used this sequence element in subsequent studies to probe
Orb2 dependency.
Orb2 Recruitment Is Important for Training Dependent
Increase in Tequila Expression
Is Orb2 recruitment important for in vivo protein expression? To
this end, luciferase reporter containing the wild-type Tequila 50
UTR, either the wild-type 30 UTR or M2P, and DM2 or M1P
mutant 30 UTR were integrated into the same genomic location
using the attP-attB system to control for any chromosomal posi-
tion effect on transcript expression (Figure S1E). Expression of
the reporters in the adult mushroom body neurons (Figure S1F)
using the UAS-Gal4 system revealed that, compared to wild-
type, mutations in the 30 UTR that reduce Orb2 recruitment in-
crease reporter expression (Figure 1C). Male courtship suppres-
sion training, a training paradigm that producesOrb2-dependent
long-term memory (Keleman et al., 2007), increased expression
from only the wild-type reporter, but not the mutant reporter or a
reporter bearing actin 30 UTR (Figures 1D and S1G). The training-
dependent increase was observed when the reporter was either
expressed in all lobes of themushroombody (MzVUm-Gal4) or in
the g lobe only (201Y-Gal4), but not in the a-b lobe (17D-Gal4)
(Figures 1D, S1G, and S1H). These several results suggest that
Orb2 recruitment is important for training-dependent expression
of Tequila in the g-lobe neurons of the mushroom body. These
results are consistent with the observations that Orb2 activity
is important in g-lobe neurons for long-term memory (Kelemanet al., 2007), that behavioral training increases Tequila expres-
sion in the mushroom body (Didelot et al., 2006), and that Orb2
acts as a translation repressor (Mastushita-Sakai et al., 2010;
Xu et al., 2012, 2014).
Monomeric Orb2B Acts as a Translation Repressor
The cell-based studies can’t distinguish a direct effect on trans-
lation from an indirect effect on mRNA/protein stability. There-
fore, we sought to establish an in-vitro-reconstituted Orb2-
dependent translation system (Figure S2A). The Orb2B protein
and components of the translation regulatory complexes that
interact with Orb2 in the adult brain are also present in the early
Drosophila embryo (White-Grindley et al., 2014; Xu et al., 2012,
2014). The embryo extract has also been used to study transla-
tional regulation (Lie and Macdonald, 2000). Therefore, using
embryo extract, we developed an in vitro dual reporter system
in which firefly luciferase reports Orb2-dependent translation,
while renilla luciferase serves as an internal control (see Figures
S2A–S2C for further details of the assay).
As in the adult fly head, M2P or DM2, which reduced Orb2
recruitment to the 30 UTR, also enhanced protein expression
from reporter mRNA in Drosophila embryo translation extract
(Figure 2A), but not in the control mammalian reticulocyte lysate
(Figure S2D). In a reciprocal experiment, we prepared translation
extracts from various orb2 mutant embryos (Figure 2B). The
expression from the wild-type reporter mRNA was significantly
higher in extracts prepared from orb2 null (Dorb2) or the strong
hypomorphic mutant (Orb2DQ) flies, but not from flies lacking
the Orb2A isoform (Orb2DA), which is not detectable in the em-
bryo extract (Figures 2B and 2C). Unlike the wild-type reporter,
the expression from mutant reporters (Figures S2E and S2F) or
control Actin88F 30 UTR was unaffected by Orb2 levels (Fig-
ure S2G). Moreover, reporter mRNA containing the 50 and 30
UTR of other Orb2 target genes, such as neuroligin and atypical
protein kinase C, were also increased in the Orb2-deficient ex-
tracts (Figures S2H and S2I) (Mastushita-Sakai et al., 2010; Xu
et al., 2014).
The enhanced expression of Orb2 target genes in the orb2
mutant extracts was not due to a secondary consequence of
chronic Orb2 protein depletion; acute inactivation of Orb2 by
adding anti-Orb2 antibodies to the wild-type extract also
enhanced expression (Figure 2D). Moreover, we generated a
fly strain in which both copies of the Orb2 gene carried a tobacco
etch virus (TEV) protease recognition site (Kapust and Waugh,
2000) sequence (Dorb2:Orb2-TEV) at amino acid position 369.
The Orb2-TEV fully substituted the wild-type Orb2 function. In
translation extract prepared from Orb2-TEV flies, addition of
TEV protease cleaved most of the available Orb2 protein within
an hour (Figure 2E, left) and enhanced reporter expression (Fig-
ure 2E, right). Polysome analysis of [32P]-labeled mRNA, which
measures the 80S ribosome-bound translating mRNA, revealed
that both the reporter that does not recruit Orb2 (Figure 2F, top)
and translation extracts lacking Orb2 (Figure 2F, bottom) contain
relatively more translating mRNA compared to their wild-type
counterparts. From these results, we conclude that the in vitro
translation system indeed reports Orb2-dependent translation
of specific mRNA. Since the embryonic translation extract did
not have any discernable amount of oligomeric Orb2 (Figure 2B),Cell 163, 1468–1483, December 3, 2015 ª2015 Elsevier Inc. 1469
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Figure 1. A CPE-like Element Recruits Orb2 to the Tequila 30 UTR, and Mutation of This Sequence Increases Protein Expression
(A) Sequence of 113-nucleotides-long 30 UTR of Tequila gene. M1–M7 indicate sequences that were mutated. The conserved M1 and M2 sequences important
for Orb2 recruitment are indicated in pink and red, respectively.
(B) Deletion (DM2) or mutation (M2P) of M2 element reduced recruitment of both Orb2 monomer and oligomer to the mRNA. (Top) Schematic of the RNA-protein
binding assay using S2 cell lysate. (Bottom) Western blot of RNA-bound Orb2A protein. The Actin88F (Actin) 30 UTR controls for non-specific Orb2 binding, and
Hrp36 serves as a control for general RNA binding. The amounts of RNA and Orb2 protein used in the assay are shown below as loading.
(C) Decrease in Orb2 recruitment increases protein expression in adult mushroom body neurons. The statistical significance was measured by one-way ANOVA.
(D)Male courtship conditioning enhanceswild-type reporter expression. (Left) Schematic of the experimental design. (Right) The training-dependent increasewas
observedwhen the reporterwasexpressed in allmushroombody lobes usingMzVum-Gal4. The statistical significancewasmeasuredbyunpaired two-tailed t test.
Data are expressed as mean ± SEM; ns, not significant; and *p% 0.05, **p% 0.01, and ***p% 0.001. Please also see Figure S1.
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Figure 2. Orb2 Acts as a Translational Repressor
(A) Loss of Orb2 recruitment increases protein expression in vitro. (Top) Schematic of the in vitro translation assay using Drosophila embryo extract. (Bottom)
Normalized ratio of firefly and Renilla enzyme activity of three independent experiments. Each experiment was comprised of three technical repeats.
(B) Embryonic translation extract contains only monomeric Orb2B, unlike adult head extract, which contains both Orb2 monomer and oligomer. The Dorb2 flies
lack the entire Orb2 locus, the Orb2DQ lacks the Q-rich 80 amino acids common to Orb2A/B, and Orb2DA lacks only the Orb2A-specific exon. Tubulin serves as
loading control.
(C) The absence of Orb2 enhances wild-type Tequila reporter expression.
(D) Treatment of embryo extract with anti-Orb2 antibody enhances reporter expression. Addition of Orb2 antibody in extract lacking Orb2 (Dorb2) has no effect.
(legend continued on next page)
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these results also suggested that the translation inhibition is pri-
marily mediated by monomeric Orb2.
Isolation of Monomeric and Amyloidogenic Oligomeric
Orb2 Protein
In the mRNA binding assay, we did not observe any qualitative
difference between Orb2A and Orb2B protein isoforms nor be-
tween the monomeric and a SDS-resistant oligomeric state (Fig-
ures 1B, S1A, and S1B). Therefore, determination of function of
various form of Orb2 requires obtaining bothOrb2A andOrb2B in
monomeric and amyloid-like states and then adding them in a
translation extract lacking any endogenous Orb2. Recombinant
Orb2 is extremely aggregate prone, and Orb2A protein rapidly
assembles into oligomers even in 6 M urea (Majumdar et al.,
2012). However, in insect cells, both monomeric and oligomeric
Orb2 can be observed, suggesting that proper cellular milieu is
important for the protein states. Therefore, to obtain monomeric
and amyloidogenic Orb2 separated from each other, full-length
untagged Orb2 protein was expressed in insect Sf9 cells, which
lack endogenous Orb2, using Baculovirus (Figure S3A), and
whole-cell extracts were fractionated in the presence of high
salt (500 mMNaCl) and detergent using a superose 6-size exclu-
sion column (Figure S3B, left). TheOrb2 protein was recovered in
fractions consistent with two distinct physical states: a mono-
meric and an oligomeric Orb2 (Figure S3B, right). We observed
a range of oligomeric species, including those that are similar
in size to that of the endogenous Orb2 oligomer (Majumdar
et al., 2012). We concluded that the oligomeric Orb2 is amyloid
in nature based on resistance to heat and detergents, higher
binding to Thioflavin T, interaction with the amyloidogenic anti-
oligomeric antibody A11, production of proteinase-K-resistant
fractions, and high amyloid-B structure as measured by Fourier
transform infrared spectroscopy (FTIR) (Figure S3).
Amyloidogenic Oligomeric Orb2 Enhances Translation
We added the fraction-containing monomeric or amyloidogenic
oligomeric Orb2 in orb2 null (Figure 3A) or the Orb2 hypomorphic
(Orb2DQ) translation extracts (Figure S4A) with the Tequila re-
porter mRNA. Equivalent amounts of similarly fractioned un-
transfected Sf9 cell extracts were used as a control. Addition
of monomeric Orb2A or Orb2B protein fractions resulted in sig-
nificant repression of translation (Figures 3A and S4A), while
addition of oligomeric Orb2 resulted in an increase in translation
compared to that in control fractions (Figures 3A and S4A). Mu-
tation of the M2 sequence reduced the monomer-dependent
decrease and abolished the oligomer-dependent increase in
translation (Figure 3B).
To determine whether the change in translation is indeed due
to Orb2, and not due to other co-fractionating proteins, we used
different monomeric or oligomeric protein fractions and(E) Acute inactivation of Orb2 enhances translation. (Top) A genomic rescue fragm
gene. (Left) Western blot analysis of TEV-enzyme-treated wild-type andOrb2-TEV
embryo extract, enhances reporter expression.
(F) Polysome profile analysis of in vitro translation reaction shows the relative abu
labeled mRNA. (Right) Mutant reporter (M2P) mRNA is more abundant in polyso
abundant in polysome when translated in Dorb2 embryo extract.
Data are expressed as mean ± SEM; *p < 0.01, **p < 0.001, and ***p < 0.0001. P
1472 Cell 163, 1468–1483, December 3, 2015 ª2015 Elsevier Inc.observed that the translational effect is proportional to the
amount of Orb2 protein in a particular fraction (Figures S4B
and S4C). Next, we took advantage of the Orb2 protein carrying
a TEV protease site (Orb2-TEV) and fractionated Sf9 cells ex-
pressing Orb2-TEV protein (Figure S4D). Similar to wild-type
protein, addition of monomeric Orb2-TEV reduced, whereas
the oligomeric form enhanced, translation; however, incubation
of Orb2-TEV fractions with TEV protease (Figures S4E and
S4F) significantly attenuated the repressive function of the
monomer and the activating function of oligomeric Orb2 (Figures
S4E and S4F). Addition of TEV protease to the wild-type Orb2
had no effect. Taken together, these observations suggest that
the Orb2 protein in the extracts is largely responsible for the
changes in translation activity. The change in protein expression
is at least partly due to change in translation, because addition of
monomeric Orb2 decreased the amount of mRNA in polysomal
fractions, with a corresponding increase of the labeled mRNA
in the top of the gradient (Figure 3C, top). Conversely, addition
of oligomeric Orb2 resulted in an increase in the amount of
monosome- and polysome-bound mRNA and a decrease in
full-length freemRNA in the top of the gradient compared to con-
trol extract (Figures 3C, bottom, and S4G).
Next, we sought to determine which forms of Orb2 associate
with translating ribosomes in the adult nervous system. To this
end, we used the ribosome tagging approach, which entails
tagging a protein of either the 40S or 60S ribosome, expression
of the tagged protein in a specific cell type, and immunoprecip-
itation using the tag (Doyle et al., 2008; Mustroph et al., 2009;
Sanz et al., 2009). We found that the Rpl18 protein of the 60S
subunit (see Experimental Procedures for detail), when tagged
at the N-terminal end with FLAG, is efficiently incorporated into
polysomes in both S2 cells and in adult neurons (Figures 3D
and S4G). Immunoprecipitation of FLAGRpl18 (Elav-Gal4:UAS-
FLAGRpl18) from adult neurons revealed that the Orb2 proteins
immunoprecipitated with ribosomes are primarily heat- and
SDS-resistant oligomers (Figures 3D and S4G). Treatment with
30 mM EDTA or RNaseA that is known to disrupt polysomes
also reduced immunoprecipitated oligomeric Orb2. Taken
together, these results suggest that, while the monomeric forms
of both Orb2A and Orb2B act as repressors, the amyloidogenic
oligomeric Orb2 acts as a translation activator.
The Prion-like Domain of Orb2A Induces
Oligomerization of Orb2B and Enhances Translation
One of the features of self-sustaining amyloidogenic oligomers is
that they induce conformational conversion of the monomeric
form (Prusiner, 1998). Previous studies indicated that rare but
highly amyloidogenic Orb2A induces oligomerization of constitu-
tively expressed Orb2B and that only the N-terminal of Orb2A
that contains the prion-like domain (PLD) but lacks the RRMent in orb2 null background that contains a TEV-protease site within the Orb2
embryo extract. (Right) Addition of TEV in Orb2-TEV, but not in wild-type (Orb2)
ndance of translating mRNA. (Left) Schematic of polysome assay using [P32]-
me fractions compared to wild-type. (Lower-right) Wild-type reporter is more
lease also see Figure S2.
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domain is sufficient for long-term memory (Kru¨ttner et al., 2012;
Majumdar et al., 2012). The distinct functional states of the
monomeric and amyloidogenic oligomeric forms of Orb2B now
led us to interrogate the functional consequence of interaction
of Orb2B with the Orb2A prion-like domain (Figure 4A). We
used just the N-terminal 320 amino acids of Orb2A that contain
the prion-like domain but lack the RRM domain, and similar to
full-length Orb2A, OrbA-320 has both a monomeric and amyloi-
dogenic oligomeric state (Figure S5A). Addition of oligomeric
Orb2A-320 isolated from insect cells or from bacteria to transla-
tion extract containing monomeric Orb2B enhanced translation
(Figure 4B). Addition of oligomeric Orb2A-320 to orb2-null
extract had no effect, indicating that the enhanced translation
was not due to Orb2A-320 and was dependent on Orb2B (Fig-
ures 4B and S5B).
The Orb2A-320 proteins can influence Orb2B-dependent
translation because of some associated factors. To rule out
such a possibility, mRNA encoding Orb2A-320 instead of protein
was added to extract with (wild-type) or without Orb2B (Dorb2).
The Orb2A320 mRNA produced an equivalent amount of
Orb2A320 protein in both extracts (Figure S5B); however, it re-
sulted in a time-dependent increase in Orb2B oligomerization
and translation in wild-type, but not in Dorb2 extract (Figure 4C).
Mutation of the M2 sequence abrogated the increase in transla-
tion (Figure S5C). The translational enhancement is rapid since a
seeding reaction for 30 min resulted in a small but significant in-
crease in translation (Figure S5D). The deletion or mutation in the
first 8 N-terminal amino acids (Orb2AD8) or subsequent 80
amino acids (Orb2AD80) or the mutation of the F5 to Y (Orb2A
F5Y) reduces Orb2A’s ability to form amyloidogenic oligomers
and impairs memory. We observed that, compared to wild-
type Orb2A320, mutant Orb2A mRNA is significantly less effec-
tive in enhancing translation (Figure 4D), although the expression
of mutant Orb2A fragments was similar to that of wild-type
Orb2A (Figure S5B). Therefore, mutations that affect Orb2A’s
ability to form amyloidogenic oligomers also affect its ability to
change Orb2B-dependent translation.
Next, to determine whether these in vitro results reflect in vivo
translation, we transiently overexpressed either full-length
Orb2A or Orb2A-320 with the Tequila reporter in the adult fly
brain. Transient expression of Orb2A (Figure S5E) or Orb2A-
320 resulted in a significant increase in reporter expression
and in SDS-resistant oligomer (Figure 4E). Unlike wild-type
Orb2A-320, Orb2A-320D80 was less efficient in inducing trans-
lation and oligomerization (Figure 4E). Interestingly, unlike in
embryo extract, expression of Orb2A320D8 in the brain re-
sulted in an increase in translation albeit less efficiently than
full-length Orb2A320 (Figure 4E). Consistent with the translation
increase by Orb2A320D8, there was also an increase in olig-
omer, suggesting that the seeding may be more efficient in vivo
compared to in vitro. This indicates that seeding is influenced
by factors that are either limiting or missing in the embryo
extract or that modification of Orb2 protein (such as phosphor-
ylation) may influence the seeding capacity of either Orb2A or
Orb2B to be a substrate of Orb2A-mediated oligomerization.
Nonetheless, taken together, these results suggest that the
Orb2A prion-like domain can induce Orb2B oligomerization
and enhance translation.1474 Cell 163, 1468–1483, December 3, 2015 ª2015 Elsevier Inc.Monomeric Orb2 Removes the Poly(A) Tail and
DestabilizesmRNA,whereasOligomeric Orb2 Stabilizes
mRNA and Elongates the Poly(A) Tail
How does Orb2 affect target mRNA translation? Previously, we
observed that Orb2 interacts with transducer of Erb2 (Tob)
(White-Grindley et al., 2014), a protein that has been implicated
in mRNA deadenylation (Hosoda et al., 2011). To determine
whether Orb2-regulates deadenylation, [32P]-labeled Tequila
30 UTR with an 300-nucleotide-long poly(A) tail was added
into the in vitro extract. In the wild-type 30 UTR, the poly(A) tail
was shortened over time (Figure 5A), and mutations of the M2
sequence reduced poly(A) tail shortening (Figure 5A). Likewise,
addition of wild-type reporter into extracts lacking Orb2 (Dorb2
or Orb2DQ) had low levels of deadenylation compared to the
wild-type extract, suggesting that Orb2 is involved in deadenyla-
tion of the target mRNA (Figure 5B).
Next, to determine whether the functional difference between
monomeric and oligomeric Orb2 arises from their differential
mRNA deadenylation activity, we carried out the deadenylation
assay in orb2 null extracts in the presence of exogenously added
monomeric or oligomeric Orb2. While the addition of monomeric
Orb2 rapidly deadenylated the poly(A) tail (Figure 5C), the addi-
tion of oligomeric Orb2 did not reduce the poly(A)(Figure 5D).
We wondered whether the oligomer is simply an inactive version
of monomer or is actively participating in poly(A) tail mainte-
nance, either by protecting the existing poly(A) tail from decay
and/or from elongation of the poly(A) tail. Therefore, instead
of 300 nucleotides, we used an 8-nucleotide-long poly(A)-
tailed mRNA, which is sufficient to trigger polyadenylation
(Benoit et al., 1999). Unlike long-polyadenylated mRNA, the
short poly(A)-tailed mRNA was degraded in control extracts or
in extract containing Orb2 monomer within 30 min (Figure S5F).
However, in extract containing Orb2 oligomer, there was signif-
icantly less degradation of the mRNA, and there was also a
low but significant increase in size of the mRNA (Figures 5E
and S5F). PCR-based poly(A) tail length assay, or PAT assay
(see Experimental Procedures for details of PAT assay), revealed
that the incubation with Orb2 oligomer indeed results in longer
poly(A) tail length (Figure 5F). To determine whether Orb2 affects
the poly(A) tail length of Tequila mRNA in the adult brain, we tran-
siently expressed Orb2A320 andmeasured the poly(A) tail length
using the PAT assay. Consistent with reporter translation and
Orb2 oligomerization (Figure 4E), expression of Orb2A320 or
Orb2A320D8, but not Orb2A320D80, resulted in an increase in
poly(A) tail length (Figure 5G). Taken together, these results indi-
cate that, while monomeric Orb2 reduces poly(A) tail length and
eventually destabilizes mRNA, oligomeric Orb2 protects and
elongates the poly(A) tail and stabilizes mRNA.
Identification of Orb2 and Orb2 Target mRNA-
Associated Proteins in the Adult Head
What is the molecular basis of the differential activity of the
monomeric and oligomeric Orb2? Since both states require the
same M2 sequence, we reasoned that the two forms may form
distinct protein complexes. Previously, we identified Orb2-inter-
acting proteins in the adult fly head by immunopurifying the
Orb2-protein complex in the presence of RNase (White-Grindley
et al., 2014). These complexes include proteins that are involved
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reactions.in Orb2-dependent translation as well as stability, localization, or
modification of Orb2. To determine the mechanism of Orb2-
dependent translation, we sought to identify protein complexes
from adult fly head that are specifically assembled in the Orb2
target mRNA Tequila compared to an Actin88F control using1476 Cell 163, 1468–1483, December 3, 2015 ª2015 Elsevier Inc.multidimensional protein identification technology (MudPIT)
mass spectrometry (Figures 6A and S6A). Comparing six
independent control and experimental groups, we identified
29 proteins that were significantly (p < 0.01) enriched in the
Tequila 30 UTR affinity purification (Table S1). Six out of 29
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proteins—CG13928, Rbp6, Pabp2, CG4612, Syncrip, and Imp—
were also identified as part of an Orb2-protein complex previ-
ously, and three of these proteins—Pabp2, Rbp6 and
CG13928—strongly interacted with monomeric Orb2 (Figures
S6B and S6C). We also identified Smaug, a known translational
regulator that represses translation by promoting deadenylation
(Smibert et al., 1996), as anOrb2-interacting protein (FigureS6D).
Addition of recombinant Smaug protein reduced wild-type re-
porter translation in the presence of Orb2 (Figure S6E), suggest-
ing that Smaug is one of the accessory factors for Orb2-medi-
ated translation repression.
CG13928 Contributes to the Repressive Function of
Monomeric Orb2, while CG4612 Contributes to the
Translation-Activating Function of Oligomeric Orb2
What protein factors contribute to Orb2 mediated translation
repression? To this end, we specifically focused on one of the
Orb2-interacting proteins, CG13928, because: (1) it interacts
with Orb2 (Figure 6B) and Smaug (Figure S6F), (2) it is enriched
in the nervous system (Figure 6C), and (3) both in the adult
Drosophila brain (Figure 6B) and in vitro (Figure S6G), it interacts
only with monomeric, but not oligomeric, Orb2. Addition of re-
combinant CG13928 protein reduced translation in a concentra-
tion-dependent manner in wild-type extract, but not in extracts
lacking Orb2 (Figure 6D). When incubated with a limiting amount
of monomeric or oligomeric Orb2, CG13928 enhanced the trans-
lation repressive function of monomeric Orb2 (Figure 6E, left) but
had no significant effect on the oligomeric Orb2 activity (Fig-
ure 6E, right). Consistent with translation repression, CG13928
also enhanced Orb2 monomer-mediated deadenylation (Fig-
ure 6F). Similar to the in vitro results, in the adult brain, overex-
pression of CG13928 (ElavGeneSwitch: UAS-Teq-Reporter;
UAS-FLAG-CG13928) reduced translation, whereas a decrease
in CG13928 (ElavGeneSwitch: UAS-Teq-Reporter; UAS-
CG13928-dsRNA) increased reporter expression (Figure 6G).
Neither overexpression nor reduction of CG13928 had any sig-
nificant effect on the M2 sequence mutated reporter (Figures
6G and S6H). Taken together, these results suggest that
CG13928 contributes to the repressive function of monomeric
Orb2.
What protein factors contribute to Orb2-mediated translation
activation? To this end, we focused on twoOrb2-interacting pro-
teins identified from the proteomic studies, Pabp2 and CG4612,
for the following reasons: (1) they are poly(A) binding proteins
(PABP), and PABP proteins are known to promote polyadenyla-
tion and enhance translation (Benoit et al., 1999; Smith et al.,
2014), and (2) unlike CG13928, both of these proteins also bind
to oligomeric Orb2 (Figures 7A and S6G). Addition of anti-
CG4612 antibody reduced oligomeric-Orb2-mediated transla-
tion (Figure 7B), and addition of recombinant purified CG4612(E) CG13928 imparts translation repression through monomeric Orb2. Fixed amo
increasing amounts of CG13928 recombinant protein. CG13928 enhanced repre
(F) CG13928 enhances deadenylation in an Orb2-dependentmanner. Addition of i
only in wild-type extract, but not in Orb2-depleted (Dorb2) extract.
(G) CG13928 negatively regulates Orb2-dependent reporter translation in the ad
from single fly heads expressing FLAG-tagged CG13928 or CG13928 RNAi unde
Data are expressed as mean ± SEM; *p < 0.05, **p < 0.01, and ***p < 0.001. Plea
1478 Cell 163, 1468–1483, December 3, 2015 ª2015 Elsevier Inc.resulted in a small but significant increase in the oligomeric
Orb2-dependent translation (Figure 7C). One plausible explana-
tion for the small increase in translation by exogenously added
CG4612 protein is that the translation extract already contained
CG4612 (Figure 6C). Nonetheless, the effect of CG4612 on Orb2
oligomer-mediated translation is specific since addition of
CG4612 protein to extract lacking Orb2 and to wild-type extract
that contains only monomeric Orb2 had no significant effect on
translation (Figures 7B, 7C, and S7B); and, the addition of a
similar amount of purified Pabp2 had no effect on Orb2-olig-
omer-mediated translation (Figure S7C). To determine whether
CG4612 affects poly(A) tail length, Tequila 30 UTR with a short
poly(A) tail was incubated with oligomeric Orb2 in the presence
or absence of CG4612. Consistent with a small increase in trans-
lation, there was also a similar increase in the amount of long
poly(A)-tailed mRNA (Figure 7D). Taken together, these results
suggest that the two proteins, CG13928 and CG4612, contribute
to the translation-repressive and -activating function of Orb2,
respectively (Figure 7F).
CG4612 Is Required for Long-Term Memory
Since Orb2 oligomerization is important for long-term memory,
we sought to determine whether CG4612, which is involved in
Orb2-oligomer-dependent translation, is also important for
long-term memory. To this end, we expressed dsRNA against
CG4612 in the mushroom body g-lobe neurons using the
201Y-Gal4 driver (201Y-Gal4:UAS-CG4612RNAi) and tested
these flies in a male courtship suppression paradigm (Figures
7E and S7D). In this paradigm, male flies learn to suppress their
courtship behavior upon repeated exposure to an unreceptive
female. The 201Y-Gal4:UAS-CG4612RNAi flies developed nor-
mally, and when tested, they did not display a deficit in short-
term memory or memory up to a day. However, when tested
48 hr after training, there was significant impairment in learned
suppression of male courtship (Figure 7E). The memory pheno-
type, due to impairment of CG4612 activity, is reminiscent of
the phenotype observed with selective perturbation of Orb2 olig-
omerization (Majumdar et al., 2012) and inhibition of the poly(A)
polymerase Gld2 activity in the adult brain (Kwak et al., 2008).
DISCUSSION
Previous studies have suggested that the self-sustaining amyloi-
dogenic state of specific isoforms of neuronal CPEB produces
an enduring mark in the activated synapse (Si et al., 2003a).
However, the biochemical consequence of this enduring
marking of the synapse remains largely unknown. Here, we
report that, when Drosophila Orb2 adopts the amyloid-like
state, it gains a new function, and the translational-repressive
function of the monomeric form of the protein changes to aunts of Orb2 (100 ng of monomer and oligomer fractions) were incubated with
ssion but had no significant effect on oligomer-mediated translation increase.
ncreasing amounts of CG13928 protein proportionally enhances deadenylation
ult fly head. Translation of wild-type and M2 mutant reporters were measured
r RU484 inducible gene-switch Gal4.
se also see Figure S6.
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translation-activating function. Therefore, Drosophila Orb2 pro-
vides an example of an amyloid-based protein switch that turns
a repressor into an activator. Recently, regulated aggregation-
dependent transcriptional or translational control has been re-
ported by others (Berchowitz et al., 2015; Cai et al., 2014;
Kwon et al., 2013). Therefore, it is conceivable that, in multicel-
lular eukaryotes, amyloid-like protein aggregations are used to
create altered activity states and, in some cases, to create
persistent change in cellular physiology from transient stimuli.
Translational Regulation by Monomeric and Oligomeric
Orb2
Similar to mammalian CPEB1, Orb2 acts as a repressor as well
as an activator of translation through regulating poly(A) tail length
(Udagawa et al., 2012). A U-rich sequence in the 30 UTR is impor-
tant for the recruitment of Orb2 monomer and oligomer. The
recruitment of the monomer results in shortening of the poly(A)
tail and reduction in translation, while the oligomer protects
and increases poly(A) tail length and translation. The following
in vitro observations suggest that the oligomerization results in
not just loss of monomeric function, but gain of a new function.
(1) Addition of Orb2 oligomer in extract lacking any monomeric
protein (orb2/) increases translation (Figures 3A and 3B), sug-
gesting that oligomeric Orb2 has activities of its own in addition
to inhibiting the monomeric Orb2 function. (2) The oligomeric
Orb2 binds mRNA, and it not only lacks the deadenylating activ-
ity of monomeric Orb2, but it also can add to the poly(A) tail and
stabilize mRNA. And finally, (3) oligomeric Orb2 is the primary
form of Orb2 that associates with polyribosomes in the adult
neuron. Therefore, the net outcome of Orb2 oligomerization is
reduction in deadenylation, increase in poly(A) tail length, stabi-
lization of mRNA, and enhanced translation. However, the rela-
tive contributions of inhibition of deadenylation and elongation
of the poly(A) tail in Orb2-oligomer-mediated translation are
unclear.
Mechanistically, the zinc-finger domain containing protein
CG13928 that only interacts with monomeric Orb2 enhances
the repressive function. Since embryo extract lacking CG13928
can still support Orb2-dependent translation repression,
CG13928 likely facilitates the recruitment of the deadenylation
complex to the mRNA. The mechanistic basis of Orb2 oligomer-
ization-mediated translation enhancement is less clear. Unlike
monomeric Orb2, no oligomer-specific interacting protein has
been identified, and althoughCG4612 is required for oligomeriza-
tion-mediated translation, it binds to both forms of the Orb2
protein. However, the oligomer may enhance translation not
only by recruitment of a specific protein, but also by increasing
the affinity for existing interactors. For example, an mRNA bound
by oligomeric Orb2will havemoreCG4612 compared to amono-
mer-bound mRNA and, therefore, more of the CG4612-associ-(D) CG4612 enhancesOrb2-oligomer-mediated polyadenylation of short poly(A)-ta
CG4612. For ease of visualization, the position of the starting mRNA has been in
activity, mostly apparent at the 30 min time point.
(E) CG4612 is required for long-term male courtship suppression memory. Flies ex
but had significantly reduced long-term memory measured at 48 hr.
(F) Model for Orb2-monomer-mediated translation repression and oligomer-med
Data are expressed as mean ± SEM; *p < 0.05, **p < 0.01, and ***p < 0.001. Plea
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CPEB1-mediated polyadenylation (Mendez et al., 2000); unphos-
phorylated CPEB1 has weak affinity for the CPSF160 complex,
and phosphorylation increases the affinity of CPEB1 for
CPSF160, leading to polyadenylation and translation activation.
In mammals, PABPs are multifunctional proteins and, in some
cases, are known to activate translation by interacting with the
translation initiation complex (Smith et al., 2014). Curiously, the
other PABP, Pabp2, interacts with both forms of Orb2 yet does
not have a significant effect on Orb2 function except for transla-
tion inhibition at a high concentration (Figure S7C). Further
studies would be required to dissect the detailed mechanism of
translational activation and the role of PABPs and other proteins
in Orb2-mediated translation activation.
A Plausible Model for Seeded Prion-like Conversion of
Orb2 and Persistent Translation
Among the two isoforms of Orb2, Orb2A and Orb2B, we did not
observe any significant difference in mRNA binding, translation
activity, or the kind of protein complexes that they form. Howev-
er, unlike Orb2B, which is widely distributed, Orb2A is extremely
low in abundance, expressed only in a subset of neurons (Kru¨tt-
ner et al., 2012; Majumdar et al., 2012), and is primarily synaptic
(Kru¨ttner et al., 2015). Therefore, based on their abundance and
distribution, we postulate that Orb2B regulates Orb2 target
mRNA distribution, stability, and translation, while Orb2A
controls where andwhen amyloid-like oligomerization and trans-
lational activation will ensue. Indeed, just the N-terminal prion-
like domain of Orb2A is sufficient to support long-term memory,
and we find that the N-terminal domain of Orb2A is sufficient to
induce Orb2 oligomerization and change the translational state
of Orb2B.
Although direct evidence that the amyloidogenic oligomer reg-
ulates translation only in the activated synapse is still lacking,
based on these observations, we proposed a plausible model
for synapse-specific persistent translation (Figure 7F). We posit
that Orb2B binds to the target mRNA and that the bound
mRNA is transported to the synapses and kept in a repressed
state via association with the deadenylation complex. Synaptic
activation increases the local concentration of the low abundant
Orb2A protein via phosphorylation (White-Grindley et al., 2014)
and/or other yet unknown mechanisms. Increase in the Orb2A
protein level triggers self-sustaining amyloidogenic oligomeriza-
tion of Orb2A-Orb2B. Binding of the oligomer to the 30 UTR pre-
vents deadenylation and recruits polyadenylation complex, and
both of these events result in enhanced translation. Because of
the self-sustaining and stable nature of the amyloid state, a local
and self-sustaining translation activation of Orb2 target mRNA is
created, maintaining the changed state of synaptic activity over
time.iledmRNA. A limiting amount of Orb2 oligomerswas used to score the effect of
dicated with two lines. Addition of CG4612 itself has some mRNA stabilizing
pressing CG4612 RNAi had similar short-term and intermediate-termmemory
iated translation activation.
se also see Figure S7.
CPEB-Mediated Translation Regulation and Long-Term
Memory in Mammals
In mammals, there are four CPEB proteins, CPEB1–4, and all of
them are expressed in the adult nervous system. Among these
four isoforms, recent studies suggest a functional role of aggre-
gatedmammalian CPEB3 similar toAplysia andDrosophila (Fior-
iti et al., 2015; Stephan et al., 2015). CPEB3 forms amyloid-like
oligomers in the adult hippocampus, and removal of CPEB3
from the hippocampus affects both the consolidation and
expression of long-term memory (Fioriti et al., 2015). Function-
ally, CPEB3 regulates neuronal protein synthesis and ubiquitina-
tion, and SUMOylation regulates translation inhibitory function
and aggregation of CPEB3 (Drisaldi et al., 2015; Pavlopoulos
et al., 2011). Intriguingly, constitutive removal of CPEB3
improved some forms of memory (Huang et al., 2014), although
the mechanistic basis of the consequences of constitutive
removal of CPEB3 remains unclear. Among the other CPEB fam-
ily members, variants of CPEB2 have putative prion-like do-
mains, although it remains to be seen whether they confer
prion-like properties and whether CPEB2 is required for long-
term memory.
DoesAmyloidogenic CPEB,Orb2, Provide aBiochemical
Basis of Long-Lasting Memory?
Models for the biochemical basis of long-lasting memory antici-
pated an experience-dependent molecular switch and included
autolytic kinases (Crick, 1984; Lisman, 1994) and even prions
(Tompa and Friedrich, 1998). It has been proposed that such a
biochemical switch of long-lasting memory would possess
certain properties: (1) be engaged by a temporally defined phys-
iological stimulus, (2) form in response to some, but not all, expe-
riences, (3) produce a change in the neuronal properties that
elicit appropriate behavioral responses, and (4) deal with the nat-
ural turnover of individual proteins to enable a persistent change
in behavioral output (Crick, 1984; Dudai, 2002; Lynch and Bau-
dry, 1984).
The emerging evidence from Aplysia, Drosophila, and Mouse
suggests that the self-sustaining aggregates of CPEB may be
a biochemical switch involved in at least some forms of long-
term memory for the following reasons. (1) Activity-dependent
conversion to the amyloidogenic state suggests that it can be
engaged by behavioral training. (2) Phosphorylation, SUMOyla-
tion, and other mechanisms can confer the specificity and
selectivity to amyloidogenic conversion. (3) Orb2-dependent
translation of mRNAs can alter the protein composition of the
synapse, thereby altering synaptic properties and neuronal
output. Finally, once triggered, the stable and self-sustaining
capacity of the amyloidogenic state would outlast turnover of in-
dividual molecules to sustain memory over the long term. How-
ever, some key questions remain unanswered. How and what
ensures selective engagement of the self-sustaining state of
neuronal CPEB only in response to long-term memory inducing
stimuli? Once engaged, how long does it persist, and is the
continued presence of the amyloidogenic state necessary for
the persistence of memory? Is amyloid formation correlated
with or predictive of long-lasting memory? Can a transient mem-
ory be stabilized by artificial recruitment of the amyloidogenic
state?EXPERIMENTAL PROCEDURES
Please see the Supplemental Experimental Procedures for the details of the
methods.
RNA Binding Assay
The RNA binding assay was performed as described before in Mastushita-Sa-
kai et al. (2010).
In Vitro Translation Assay
Embryo extract was prepared according to the protocol described by Jeske
and Wahle (2008). A 25 ml reaction consisting of 50 ng (0.75 pM) translation
reporter, 40% (v/v) embryo extract, and translationmix were incubated at 26C
for 15 min unless indicated otherwise. Luciferase activity was measured using
the dual-glo luciferase assay system (Promega) and normalized using renila
luciferase reporter.
In Vitro Seeding Assay
The seeding reactions were first assembled in wild-type or Dorb2 embryo
extract with 100 ng Orb2A320 oligomer or corresponding control fractions
for 12 hr at 4C or 30 min at 26C. For purified recombinant proteins, 10 ng
of recombinant Orb2 or 10 ng BSA was used. For seeding using mRNA,
5 ng of Orb2A320 mRNAs were translated in wild-type or Dorb2 embryo
extract for 1 hr at 26C and incubated at 4C for an additional 12–72 hr. For
each reaction, a corresponding mRNA blank control was carried out. The
translation reporters were pre-incubated for 30 min with new oligomers, fol-
lowed by translation in Dorb2 embryo extract for 30 min.
In Vitro Deadenylation and Polyadenylation Assay
The deadenylation assay was performed according to the protocol of Jeske
and Wahle (2008) and the polyadenylation assay as described by (Coll et al.,
2014). In deadenylation assay, 5–20 nM [32p]-labeled uncapped-poly(A)-tailed
mRNA were used, and in the polyadenylation assay, m7GpppG-capped RNA
with eight adenine residues at the 30 end were used. Total RNA was extracted
using phenol-chloroform and separated in 8 M urea-6% polyacrylamide gel
according to standard protocol.
In Vivo Single Fly Head Translation Assay
For GeneSwitch-Gal4 inducible expression, starved 3- to 4-day-old adult flies
were exposed to 200 mM of RU486 (Mifepristone) in 2% sucrose. After 24 hr,
individual fly heads were collected in 96-well plate and crushed in 50 ml of
PBS + 0.1% NP-40 + 0.1% Triton X-100 buffer, and luciferase activity was
measured.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental procedures,
seven figures, and one table and can be found with this article online at
http://dx.doi.org/10.1016/j.cell.2015.11.020.
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